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HELICOPTER INDIVIDUAL-BLADE-CONTROL: PROMISING 
TECHNOLOGY FOR THE FUTURE HELICOPTER 


Professor Norman D. Ham 
Massachusetts Institute of Technology 


ABSTRACT 

The history, principles, and applications of helicopter Individual -blade- 
control are described, with particular reference to MIT research in the area from 
1977 to present. 

The emphasis is on wind tunnel and flight testing of full-size rotors since 
1986. IBC applications considered are flight stabilization, gust alleviation, lag 
damping augmentation and vibration alleviation 

Future work on IBC will be briefly outlined. 

i, ggttgg n gg 

The concept of Indiv iAttl -Blade-Control (IBC) srfcodies the control of 
hr n Mftgn d elect rohydraulic actuator* attached to eech blade, uaing signals 
fra sensors aornted an the blades to supply appropriate control ooanends 
to the actuator*. Itota that IBC involves not only oaitrol of eech blade 
independently, but a feectmcfc loop for each blade in the rotating 

frame. In this eanner it beraes possible to reduce the severe effects of 
atmospheric turbulerere. retreating blade stall, blade-vortex interaction, 
blade-fuselage interference, end blade and rotor instabilities, thile 
providing improved performance and flying qualities tl- 101 . 

It is evident that the IBC systeei will be rat effective if it is 
"ffTrlir* of several Kh-eyetems. each cent rolling a specific aode. e.g.. 
the blade flapping aode, the first blade flatwise bending node, and the 
first blade lag mode (3). tech eub-aystBo operates in its appropriate 
frequency band. 

Qonsider the modal aquation of motion 

m ♦ cx ♦ kx - F<t) ♦ ar tl) 

there the notal control force af is 

AF - - K h m - KflCX - Kpkx (2) 

Then mhetituting (21 into (11 

U+K A lmi ♦ (I+KrIcx ♦ (l+Tplk.* - F<t> 

For the case K A - - Xp - K 

in ♦ cx ♦ kx * Il/tlHO) F(t) 

and the motal response is attenuated by the factor 1/<1-*K) thile the modal 
(taping and natural frequency are unchanged. 

For mocfcl (taping au^nentation . only the rate feetfcmdc AF • HC^cx Is 
required. 

Dm configuration considered In Cl-7 J esploys an indiviAml actuator 
«td mltiple feedback loops to control eech blade. Ibase ectvmtore end 
feectmcfc loops rotate with the blades and, therefore, a conventional mash 
plate is not required. however. ana ^p licet Iona of individual -blade- 
oontrol can be achieved by placing the actuators in the non-rotating qrstmn 
nd contr ollin g the bladM through a oorrwtticnal swart piste as d w crltad 
in Section < and in III . 

the following sections describe the design of e systmn controlling 
h)»^u flapping, banding, end leg dynamics, and related testing of the 
ayston on a rodel rotor in the wind tunnel. The control inputs considered 
are blade pitch changes proportional to blade flapping and banding 
acceleration, velocity, and displacement . and lag velocity. 

Also presented are preliminary flight test results from e Blade Bawk 
helicopter having two flatwise-oriented accelercaet.tr a moulted an one 
blade, these cpen-loop results are to be used in the design of an active 
control system for rotor gust alleviation and attitude stabilisation . 


2. CgTEttflMOTOW OF BUttt ICDAL REBFOCE 

Prom Figures 1 and IS] . the blade flatwise acceleration at Nation r 
due to response of the first two flatwise modes is 

a(r) - <r-e) ?<t> ♦ ♦ e<rlg(t) ♦ r*V<r)g(t) 

ttmn, for aooelermnter* mounted at r 4 . fj, fj. and r 4 
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In vtria notation, A - H * R 

then the flatwise axxial reapeneee are given by 

* - IT 1 * A 

Mote that the elmrmnts of IT 1 are dependant only ipwn blade **nwiae 
staticn. rotor rotation ^»ed. and banding mode rtc^m. i.e.. they are 
indapandmit of flight erudition. 

Similarly, the lag acceleration at station r due to riqvnm 

f of the first lag mode on be how to be til 

*L - Ir-a^f 

U*tre e^ Is the ^nwlsa location of the lag hinge. Then for 
accelerometers moulted at r s and tj 

K1 | <r i-V f 

kj p-V V J f 

In setrix notation A^ ■ \ * Rj, 

The lag modhl responses are given by 

«t - v‘ • *t 

Since the elmoenta of IT 1 md l^' 1 are independe n t of fli^it 
oonditicn, the solution for a desired modhl re^onse Involves «ily the 
stant ion of the products of ^mnrise eccelerometer alipials mid their 
oorrwpcnding qenstant aetrix al—nfca by mi analog or digital devloe. hare 
called a solver . 


I. WMm a^VKXM ******* 

Qonsider the block diagra Shown In Figure 2. Pot metal acceleration 
2 md x determined as above for any node, this 

diagram r^raatte the following filter egLmtiois fra IT. fit 

- * ♦ Ejlx - (h 

* - 2 ♦ Ij(s - (t ) 

there the tatted quantities ere estismted mluee. and K t and Kj are 
constants, writing the amt last I o n error as 


m 

<41 


ORIGINAL PAGE IS 
OF POOR QUALITY 



6. MODAL CONTROL USING A CONVENTIONAL SWASH PLA TE 


• - * - $ 

aid dif far vitiating aquation <1 > with rwpect to tin*. tbar* ravilta 

* • -4 * * M 

Substituting equation (4) into aeration (3), 

& - I ♦ R,« ♦ Kj* <«> 

dt 

Sine* -£ $ - x —a. aquation <«> h a new a a 
dt J 

* ♦ ♦ R^e - 0 < 7 > 

im« expression rapraaanta the dj i aad c ■ of tba estimticn error » Qw 
oocraaponding <har act eristic aquation la 

a* ♦ Kji ♦ Itj - # 


The preceding sections have demonstrated that the use of blade- mounted 
accelerometers as sensors makes possible the control of the flapping, flatwise 
bending, and lag modes of each Made individually. This control technique is 
applicaMe to helicopter rotor gust alleviation, attitude stabilization, vibration 
alleviation, and lag damping augmentation. 

For rotors having three blades, any arbitrary pitch time history can be 
applied to each blade individually using the conventional swash plate. Rotors 
with more than three blades require individual actuators for each Made for some 
applications; for a rotor with four blades, other applications such as gust 
alleviation, attitude stabilization, vibration alleviation, and IP lag damping 
augmentation can be achieved using a conventional swash plate, as shown in (8]. 
The summations of Individual Made sensor signals required to obtain the swash 
plate collective and cyclic pitch components provide a filtering action such that 
only the desired harmonics OP, IP, 3P, 4P, and 5P remain after summation, i.e., 
no specific harmonic analysis Is required 


9m bandwidth md (feeing of the —Mast Ion prooeM art dataminad t* the 
choice of tha constants l* md Kj. 

Sine* tha elmmta of tha filter Rmm in Piqurt 3 art i n d^ands nt of 
flitfjt condition, tha estimtion of soAd rata response involves oily tha 
lntag ration of tba prefects of oanstmt* and tba aasaurad refel raspanaas 
by m analog or digital dsvica, hara callad a tfc KlUto filtar . Rita that 
m iaprovad wtlasta of tba refcl diaplac— it x is also cbtainad dua to 
tha double integratim of aodal aooalarmtion i m hnrti a d In tba filtar. 
Also, not* that no knowledge of tba rotor or it* flight condition Is 
required in designing tba filtar. 

a. row op me garocLLai 

As d lscusaed in tha Introduction, the nodal controller voltaga output 
to tha blade pitch actmtor is proportional to aodal acceleration, rat*, 
and dlsplscoBent : 


v - V 

^>ere R^. R R . and Rj, are constant* and therefore indapandent of flight 
condition. 


Ptxr aodal taking augment* tier only. 
V - -KrX 


3. icdal oama by imiviiJUkL- tLNK- oreim, Ubcj 

9t* aalvar. ItRllllp filter, md controller described in Section 3-4 
are ooebined to for* the IBC syst® for a given soda. 9 m ootoinad 
Auctions of tba solver md tba MdUllip filtar are hara callad tha 
'Observer*. Sob* applications are described bel». including sxparlssntal 
rwulte obtained at MIT from a four-foot-diaB*ter wind tisxwl aodal rotor, 
using IBC. 


Jtefermce [3] dsscribm tba application of IBC to ball copter gaet 
alleviation. 9 m feecfcack blade pitch cmtrol wss proportionsl to blade 
flapping acceleration and d ls pisra — n t . i.e. . 

as - -R ♦ #) 

A block diagram of tba control systm is Rtom in Pigura 3 . Itote that each 
hi«A requires only two flatwise-oriented blsde-sountad acoai ar m a t ers . 

Pigure 4 Ron tba affect of increasing tba <*>m-locg) gain R the 
IBC gust alleviation systaa pstfocssnce. Mot* that tha asperiamtal 
reduction in gust-irefecsd Gapping radons* is in aooordmce with tba 
theoretical closed loop gain 1/ ( l+R) . 


9m Lock nabar of tba mdal blade was 3.0. for a full aUe rotor, 
tba increase in taping dua to tba increase in Lock nuR*r results In tba 
Gapping at excitation frequency beaming the dmlnant ra^xnsa. Also, 
with increased blade taping it h s nm a a posaibla to use bi^ar fasfeadt 
gain for tba mmm stability level, and as a oonaa^Mnoa tha IBC Qrstan 
parfomnea isprovss with increasing Lock msber. 


following tha successful allevlstion of gust disturbances using tba 
IBC system, ftefermce 131 showed tba theoretical «*ilval*nc* of blade 
flipping raspenae A* to atmospheric tu rb ulmce md that Am to other lav- 
fraqumey distu rbances, e.g.. helico(fcer pitdi and roll attitude r therefor a 
tfaosa disturbances can also be alleviated by the IBC as Rmci In 

UJ, to provide helicopter attitude stabilixation. 


Since ail sensing is done in the blades, no transfer matrices from non- 
rotating to rotating system are required; therefore no updating of these matrices 
is required, and no non-linearity problems result from toe linearization required 
to obtain the transfer matrices. Also, blade state measurements allow tighter 
vehide control since rotor control can lead fuselage response: this lead should 
provide more effective gust alleviation and permit higher control authority 
without inducing rotor instabilities than would be possible without rotor state 
feedback [11). 

7. BLADE F1APPTNG RESPONSE FROM B LACK HAWK FLIGHT TESTS 1121 

The objective of the flight measurements was to compare flapping 
estimated using the root and tip acceleration measurements with that predicted 
by a simple rigid-blade model, and with that measured by a root-mounted 
flapping transducer. 

Time histories and frequency spectra of the two accelerometers for an 80 
kt. level flight trim condition of the UH-GOA helicopter, Figure 5, are shown in 
Figures 6 and 7. Multiple harmonics of rotor speed (4.3 Hz) are evident in the 
record, with IP and 3P contributions being particularly strong In order to 
estimate flapping for purposes of controlling flight dynamics, only the lower 
frequency responses at 0-1P are of interest. The analysis of {12} Indicated 
significant IP tip accelerometer response due to bending contributions to the 
local values of Made slope and Made acceleration, which together determine the 
tip accelerometer response. This was not the case for the root accelerometer 

The results suggested that blade 0-1 P flapping estimation can be 
accomplished by using two inboard accelerometers to minimize the blade 
bending contribution to the accelerometer signals. Alternatively, the blade 
flapping and bending response can be determined by using four spanwise 
accelerometers and the methodology of Section 2 to solve for flapping and/or 
bending response. 

The knowledge obtained from this test led to the use of two blade-root- 
mounted accelerometers in the Bell Model 412 wind tunnel tests described below 

8 BLADE LAG MOTION CONTROL FRO M BELL MODEL 412 WIND 


Wind tunnel testing of the Model 412 rotor (Fig. 8) produced 
measurements of Made lag motion in inertial space for all four blades, using 
bUde-root-mounted accelerometers. In the IBC system, Figure 9, these 
measurements are used to determine Made in-plane acceleration, estimated 
velocity, and displacement signals for each Made, and these signals are combined 
to generate inputs to the swash plate actuators; in the d oe e d-loop system these 
inputs would provide helicopter Made in-plane damping augmentation. 

Initial tests were open-loop, U., the output of the IBC system was not 
connected to the swash plate actuators. However, considerable insight into the 
doeed-loop performance of the IBC system was obtained from the open-loop 
testing, as described below. 

Recorded open-loop acceler o me ter signals were used as Input to the IBC 
of Figure 9 In the laboratory The resulting eydic control outputs are then 
compared with the desired closed-loop control displacements under the same 
disturbed test conditions 

The test disturbance was sinusoidal longitudinal (or lateral) displacement 
of the cyclic controls. This technique has been used successfully in the past [14) 
As shown in [10], the doeed-loop damping of Made lag motion is augmented by 
feeding back the lag rate to Made pitch. 


Lag excitation tests were run at advance ratios 0 and .10 using swash plate 
excitation frequencies to given by Q-to • 0.9 col to t.10 col A typical lag response 
time history and frequency spectrum from the tests is shown in Figures 10 and 
11. The swash plate excitation frequency to appears in the rotating systems as (Q 
± to) where fl is the rotor frequency. At lag resonance Q - o> - col 

The analog data were then used to find the lag response characteristics of 
the Model 412 rotor to swashplate oscillations at discrete frequencies. Data 
records from 10 to 40 seconds were collected from the 8 accelerometers at each 
fixed excitation frequency to eliminate transient contamination of the estimates. 
Comparison of the lag sensor and the reconstructed lag signal from the observer 
in Figure 12 shows surprisingly good agreement, verifying the measurement of 
rotor states using blade-mounted accelerometers. 

The final control system evaluation step concerned the investigation of the 
disturbance rejection capability of the control system design. This was achieved 
through comparison of the rotor pitch excitation used in the open-loop testing 
with the calculated rotor pitch to be fed back from the controller. Should these 
two signals cancel, one may infer that any other disturbances that would cause 
lag excitation could also be reduced through control of blade pitch through the 
swashplate. Figure 13 compares the pitch excitation measured on one of the 
blades with the pitch feedback signal from the controller. This feedback trace is 
inverted and offset in order to more closely compare the two signals. The 
controller output is the recombination of the feedback swash plate inputs in the 
rotating frame reference. The two curves can be seen to have similar shape, with 
the feedback signal slightly delayed due to the phase lag inherent in the filtering 
process. 

9. BLADE FLAPPING MOTION CONTROL FROM BELL MODEL 412 
WIND TUNNEL TESTS [151 

Wind tunnel testing of the Model 412 rotor (Fig. 8) in 1990 produced 
measurements of blade flapping motion in inertial space for all four blades, using 
root-mounted accelerometers. In the IBC system. Figure 14, these measurements 
are used to determine blade flapping acceleration, estimated velocity, and 
displacement signals for each blade, and these signals are combined to generate 
inputs to the swash plate actuators; in the closed-loop system these inputs would 
provide helicopter attitude stabilization and gust alleviation [8). 

Initial tests were open-loop, i.e., the output of the IBC system was not 
connected to the swash plate actuators However, considerable insight into the 
closed-loop performance of the IBC system was obtained from the open-loop 
testing, as described below 

Open-loop accelerometer signals recorded digitally were used as input to 
the IBC system of Figure 14 in the laboratory . The resulting cyclic control 
outputs are then compared with the desired closed-loop control displacements 
under the same disturbed test conditions. In-plane test data were presented in 
Section 8. The present section will present the flapping data in a similar manner. 

The test disturbance was sinusoidal longitudinal (or lateral) displacement 
of the cyclic controls. This technique has been used successfully in the past [14]. 
As shown in Section 1, the closed-loop response of the rotor tip-path-plane to any 
disturbances is attenuated by the factor 1/(1 +K) where K * Ka * Kr * Kp is the 
gain of the IBC system. In the present open-loop case, the IBC system outputs 
were examined to see if, in the closed -loop case, they would provide the expected 
rotor response attenuation of 1 /{I +K). 

Flapping excitation tests were run at advance ratios 0, 0.1, and 0.2 using 
swash plate excitation frequencies (0 « 0 to 0 25D Frequency spectra and a 
typical flapping accelerometer time history from the tests are shown In Fig 15. 
The swash plate excitation frequency u> appears in the rotating system as (Q±cd) 
where D is the rotor frequency 

The first task concerned the performance of the rotor flap mode state 
estimator, as described in Sections 2 and 3. As the proposed IBC scheme involves 
feedback of flapping position, rate and acceleration, adequate performance of 
this portion of the controller would be indicated through comparison of similar 
measurements using sensors other than accelerometers Since the 412 rotor is of 
hingeless design, flap position was recorded as scaled signals from a bending 
strain gauge located at 4.8% of the rotor radius Figure 16 shows the time history 
from this strain gauge plotted above the flap displacement estimate from the 
observer. Differences in the two time histories can be explained through 
examination of the spectral content of the two signals. Figure 17, which differ 
primarily at frequencies above 1/rev. Such variation may be caused by the 
participation of higher out-of-plane modes in the gauge measurements, similar to 
the effects seen in the tip accelerometer measurements of [12]. Further 
examination of these data show that the flap sensor is nearly identical to another 
flap bending gauge located at 1.7% of rotor radius, which suggests that the 
sensor at 4 8% radius picks up all of the hub moment due to out-of-plane motion, 
and not just that from flapping (the first mode) alone. Based upon these 
arguments, the flap displacement estimator was deemed sufficiently accurate to 
warrant further investigation in a control system context. 


The next step of the validation process was the reconstruction of a 
feedback signal to cancel the pitch excitation. This was done using a simple 
constant gain feedback, but through the full system of Figure 14, in which 
individual flap position, rate and acceleration estimates were generated for each 
blade, and then summed to provide swashplate command signals. These 
swashplate commands were then reconstructed to give the pitch signal that 
would be generated at the reference blade, and this is compared to the actual 
pitch excitation in Figure 18. The similarity of the two curves shows that such a 
system would indeed act to reduce unwanted disturbances that would generate 
excessive flapping response. Effects of alternate feedback strategies, and their 
influence on other modes (such as lag response) are discussed below. 

If the simple feedback scheme of Figure 14 with Ka - Kr « Kp is used, a 
root locus for the resulting closed-loop dynamics can be seen in Figure 19 This 
plot shows that the observer poles are not "controllable" through variations in the 
feedback gain K (as indicated by an exact pole-zero cancellation), a direct 
consequence of the use of the predictive nature of the acceleration measurement 
in die reconstruction of die flapping state estimates. As a result, feedback laws 
may be designed that assume full state feedback is present, without worry that 
the inclusion of an observer will deteriorate the predicted full-state feedback 
design dynamic properties. In addition, two complex dipoles are shown: the 
lower frequency, lightly damped pair represent the lag dynamics interaction 
with the flapping response, and the higher frequency, higher damping pair are 
the original flapping dynamics, along with a complex zero introduced through 
the selection of the ratio erf the three gain constants Kp, KR^and Ka* Variations in 
the relative levels of these three constants would move this zero around the 
complex plane, such that increases in total loop gain would have the open-loop 
flap dynamics asymptotically approach these zeros. This behavior is very much 
like an impUdt-modd-foUowing design, where feedback Is structured to make 
the open-loop dynamics track a certain dynamic behavior. 

As can be seen by the relatively small migration of the poles with feedback 
gain, this system (as modeled here) will be robust to gain variations with flight 
condition, and will lessen the influence of the lag dynamics on the flap motion as 
a result of the pole-zero cancellation present for this mode. The disturbance 
response, due to the dose proximity of the zeros near the flapping mode poles, 
will have quite similar dynamics to the open-loop behavior, but at a significantly 
lower amplitude. This result is further confirmed by examining the flapping 
response of this system to a step aerodynamic disturbance at a moderate 
feedback gain level, shown in Figure 20. It can be seen the response diminishes 
the oscillatory behavior from the lag coupling, while reducing the net excursion 
level by 1/(1+K). 


10. HELICOPTER VIBRATION ALLEVIATION [5, 81 

In the IBC bending control system, Figure 21, measurements of blade 
flatwise motion in Inertial space, using four blade-mounted accelerometers, are 
used to determine blade bending acceleration, estimated velocity, and 
displacement signals for each blade, (see Section 2), and these signals are 
combined to generate inputs to the swash plate actuators; in the closed-loop 
system these inputs would provide helicopter blade bending attenuation, with 
resulting vibration alleviation. Since the first blade flatwise bending mode is a 
major contributor to rotor vibration, alteration of the dynamics of this mode can 
substantially reduce helicopter vibration, as shown in Figure 22, taken from [16) 

Further discussion of measurement of blade flatwise motion is contained 
in (17]. The reference presents comparisons of blade first mode bending 
displacements as estimated by blade-mounted accelerometers and blade- 
mounted strain gauges, as shown in Figure 23. 



11. SUMMARY AND CONCLUDING REMARKS 

During the period 1977 - 19S5 extensive theoretical and experimental 
research was conducted at MIT on helicopter lndividual-Blade-Control (IBC) 
The experimental portion of this research consisted of wind tunnel testing of 
small models The next phase of the research was conducted under a cooperative 
agreement with Ames Research Center, NASA, and involved full-size flight and 
wind tunnel testing of a Sikorsky Black Hawk and a Bell Model 412 respectively. 
These open-loop tests occurred in 1987 and 1990. Unfortunately, due to external 
constraints, both tests were small adjuncts to much larger unrelated tests. To this 
date no closed-loop tests have been conducted. However, considerable new 
knowledge of IBC system components was acquired. 

The unique characteristics of IBC can be summarized as follows. 

1. Individual control of the lift on each blade, or a portion thereof, by 
such means as conventional blade pitch, partial-span flap or flaps, local or 
distributed circulation control, or ’smart structures". 

Z An inner feedback control loop around each blade In the rotating 
system . Specialized complete-vehicle functions can be achieved by outer loops, 
which can operate at high gain since blade stability is ensured by the inner loop. 

3. Item (2) can only be achieved by the use of individual sensors on each 
Made, such as acce l eromet e rs. 

Accelerometers offer many advantages as sensors in the rotating system. 
Their use is well-established in the suppression of high-frequency flutter and 
vibration in fixed wing aircraft The accelerometer signal can be integrated once 
and twice to obtain high-fidelity rate and displacement estimates. 

4. Control In the time-domain: this approach eliminates the need for 
harmonic analysis or filtering found In HHC systems, with their corresponding 
lags and inability to follow rapid transients such as those found in helicopter 
maneuvering flight. Also, control of the stability of various blade inodes 
becomes possible. 

The future of IBC can be summarized as follows: 

1. Helicopter blades will utilize blade-mounted sensors, probably 
accelerometers, as Individual-Blade-Sensors (IBS). This will be true for both 
swash-plate controlled and lndividual-Blade-Control rotors 

2. Initial IBC rotors will probably embody extensible pitch links 
supplemental to the conventional swash plate 

3. Later IBC rotors will utilize local blade lift changes resulting from 
partial span flaps, circulation control, or deformable structures. 

4. It is possible that the many advantages of IBC will lead to a return to 
three-bladed rotors having IBS and a conventional swash plate for small and 
medium helicopters, and coaxial three-bladed rotors, each with its own swash 
plate, for large helicopters. 
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Figure 2. Block Oiagran of McKillip Filter 




Figure 3. Block Diagram of Flapping IBC System 



Figure 5. The Sikorsky Black Hawk Helicopter 
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Figure 4. Effect of Feedback Gain on Flapping Response to Gust (y • 0.4) 
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Figure 6. Root Accelerometer Time History and Frequency Spectrum 


Figure 7. Tip Accelerometer Time History and Frequency Spectrum 









Figure 10. Typical lag Accelerometer Time History; 
= 0.1, <i> = 1.8 Hz. 



Figure 1 l Typical Lag Accelerometer Frequency Spectrum; 

p = 0.2, (0 = 1.8 Hz. 


Lag Sensor and Lag Estimate from Observer 
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Figure 12 Comparison of Blade Lag Angle as Measured 
by Potentiometer and by Accelerometers. 


Measured and Control Feedback Pitch Angles 
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Figure 13. Comparison of Blade Pitch Excitation 
and IBC Pitch Feedback (Open Loop). 
Hover 





ROTATING SENSOR DATA FOR INDIVIDUAL BLADE CONTROL 



Figure 14. Schematic of Flapping Control Systen Using the 
Swash Plate* Four- Bl ad *d Rotor 
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Flgura 15. M 412 blad* yoke accelerator data. Rotor at 316 RPM. 4* cotocttve, 
-6* shall angle, 0.2 advance nto, and 0.8 Hz. twaihplala excitation at ±0.5 
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Figure 16. Comparison of Flap Gauge Signal with Flap Estimate, Hover. 
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Figure 17. Comparison of Flap Gauge and Flap Estimate Spectra. 
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Figure 21. Schematic of Bending Control System Using the Figure 22. Effect of Blade Bending Aepl Iflcatlon Factor on Maximum 
Swash Plate: Four-Bladed Rotor Cockpit Vibration Level 


Spectral Magnitude Comparison: Bending Mode Reconstruction From Blade Sensor Signals 



■ Strain Gem* Data 
□ Aocetaromatar Data 



4P 6P 


Figure 23. Comparison of Bending Response Spectral Components: 
Strain Gauge-Based Estimates / Accelerometer-Based RiHm.w 
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